We study the effects of neutrino spin-flip, i.e., ν e −ν τ etc. in the magnetic fields, B AGN of active galactic nuclei (AGN) for neutrinos originating from AGN induced by an interplay of the violation of the equivalence principle (VEP) parameterized by ∆f and/or the twist in B AGN . We consider two situations: i) Spin (flavour)-precession in a reasonable strength of B AGN ii) Adiabatically resonant conversions caused by an interplay of a conceivable twist in B AGN and the VEP. We point out that in the latter situation, the conversion effect may exist for ∆f ∼ 10 −29 δm 2 1eV 2 independent of gravity mixing angle. Observational consequences for both situations are discussed.
I. Introduction
In this paper, we study the spin-flip effects for neutrinos originating from active galactic nuclei (AGN) induced by the violation of equivalence principle (VEP) and/or the magnetic field twist (that is, when the direction of the magnetic strength lines in the plane transverse to the neutrino momentum originating from AGN may not be fixed). The VEP arises as different flavours of neutrinos may couple differently to gravity [1, 2] . This essentially results from the realization that flavour eigenstates of neutrinos may be the admixture of the gravity eigenstates of neutrinos with different gravitational couplings.
The present study is particularly welcome as the new ice/underwater neutrino detectors namely AMANDA, Baikal and NESTOR have/will have not only energy, angle and flavour resolutions but also the particle/antiparticle resolution in the electron neutrino channel [3] . These characteristics make these neutrino telescopes especially suitable for the study of high energy neutrino conversions.
Previously, the neutrino spin-flip effects for AGN neutrinos due to VEP are studied in [4, 5, 6] . The VEP is parameterized by a dimensionless parameter ∆f . In [4] , by demanding an adiabatic conversion to occur, a lower bound on neutrino magnetic moment µ was obtained in terms of ∆f . In [5] , neutrino spin-flip in AGN due to gravitational effects (based on a certain choice of the metric parameters) and due to the presence of a large magnetic field is studied. Whereas in [6] , the effect of possible random fluctuation in the magnetic field of AGN, B AGN on neutrino precession is considered. In [7] , the implications of spin-flip effects for neutrinos with small δm 2 originating from AGN without gravitational effects and VEP are studied by concentrating on electron/muon and tau neutrino channel only. In this context, here we address two different aspects of spin-flip for high energy neutrinos, viz, the spin (flavour)-precession with/without VEP and the twist in B AGN ; and the adiabatic/nonadiabatic conversion due to an interplay of twist in B AGN and the VEP. We point out that for latter type of conversion effect a ∆f of the order of 10 −39 − 10 −29 depending on δm 2 gives reasonably large conversion probabilities for a suitable choice of parameters of the AGN model. In particular, we point out that the neutrino spin-flip in AGN may give rise to changes in particle/antiparticle ratio in electron neutrino channel only.
The plan of the paper is as follows. In Sect. II, we briefly discuss the matter density and magnetic field profiles in AGN. In Sect. III, we discuss the spin (flavour)-precession due to VEP and determine the value of ∆f needed to have the precession probability greater than 1/2. In the same Sect., we consider in some detail the resonant/nonresonant conversions induced by an interplay of a conceivable twist in B AGN , and the VEP. In Sect. IV, we discuss a possible observational consequence of neutrino spin-flip in AGN and finally in Sect. V, we summarize our results.
II. The matter density and magnetic field in AGN
Neutrino spin-precession in the context of the Sun was discussed in [8] . It was pointed out that the usual matter effects tend to suppress the precession effect. As shown below, for AGN, normal matter effects arising due to coherent forward scattering of neutrinos off the background are negligible 3 . The essential conditions needed for appreciable spin-precession are: i) µBr > ∼ 1, i.e., B must be large enough in the region r; ii) the smallness of the usual matter effects, so that neutrino spin-precession is not suppressed (see below); and iii) there should be no reverse spin-precession of neutrinos on their way to earth. As for the third essential condition the observed intergalactic magnetic field for the nearby galaxies is estimated to be ∼ O(10 −9 G) at a scale of Mpc. Taking a typical distance between the earth and the AGN as 100
Mpc, we note that the effect induced by intergalactic/galactic magnetic field is quite small as the galactic magnetic field is ∼ O(10 −6 G), thus causing negligible reverse spin-precession.
According to [9] , the matter density in the vicinity of AGN has the fol-
as we take the AGN luminosity to be 10 46 erg/sec with x ≡ r/R S , R S being the Schwarzchild radius of AGN: R S ≃ 3 · 10
We take the distance traversed by the neutrinos to be 10 < x < 100 in the vicinity of AGN. These imply that the width of the matter traversed by neutrinos is l AGN ∼ (10
In the presence of matter, the effective width of matter needed for appreciable spin-flip effects, on the other
Hence, from now on, we ignore the normal matter effects.
We consider now the magnetic field in the vicinity of AGN with the following profile [9] 
where B 0 ∼ 5.5 · 10 4 G and g(x) = x −1.75 (1 − 0.1x 0.31 ) −0.5 for 10 < x < 100.
We will use this B AGN in our estimates.
III. Neutrino spin-flip due to VEP and twist in B AGN
The evolution equation for the two neutrino state for vanishing gravity mixing angle and the vanishing vacuum mixing angle may be written in a frame rotating with the magnetic field as [10, 11] 
where , where δm 2 = m 2 (ν α )−m 2 (ν e ) > 0 with E being the neutrino energy. In Eq. (2), for latter convenience, we have subtracted from the lower diagonal element, the upper diagonal element of the effective Hamiltonian in order to make the upper diagonal element equal to zero. This is equivalent to the renormalization of the two neutrino wave functions by the same factor, which does not change the relevant precession (conversion)/survival probabilities [10] . V G is the effective potential felt by the neutrinos at a distance r from a gravitational source of mass M due to VEP and is given by [1]
where ∆f = (f 3 − f 1 )(f 3 + f 1 ) −1 and α(r) = G N Mr −1 is the gravitational potential in the Keplerian approximation, with G N being the gravitational constant. The possibility of vanishing gravity and vacuum mixing angles in Eq. (2) allows us to identify the range of ∆f relevant for neutrino magnetic moment effects only. We consider mainly the following two neutrino flavours:
ν e andν τ in the subsequent discussion in this Sect., motivated by the fact that the initial fluxes of these neutrino states are estimated to be maximally asymmetric according to various models of AGN [12] . We propose to study in some detail the various possibilities arising from the relative comparison between δ, V G andφ in Eq. (2).
Case 1. V G =φ = 0. For constant B, we obtain the following expression for precession probability P (ν e →ν α ) by solving Eq. (2):
with X = δ. We now discuss the relative comparison between 2µB and δ and evaluate P for corresponding δm 2 range. a) δ ≪ 2µB. Using B given in Eq. (1) for µ ∼ 10 −12 µ B [13] , we obtain δm 2 < 5 · 10 −6 eV 2 with E ∼ 1 PeV. The expression (4) for P reduces to
The phase of P can be of the order of unity if µBr = π 2
or if µBr > ∼ 1 for a contant B. Evidently, this P is independent of E. According to Eq. (1), the B AGN varies with distance so that to have maximal depth of precession, we need to integrate the strength of the magnetic field along the neutrino trajectory. Thus, for maximal depth of ν e →ν α precession, we require
We note that Eq. (5) [alongwith Eq. (6)] give P (ν e →ν α ) > 1/2 for the B AGN profile given by Eq. (1) with µ ∼ 10 −12 µ B . Thus, an energy independent permutation (exchange) between ν e andν α may result with P > 1/2. This energy independent permutation of energy spectra of ν e andν α for small δm 2 follows from the fact that Eq. (5) also gives P (ν α → ν e ) since we are considering a two neutrino state system. For another magnetic field strength profile of AGN [14] we obtain P (ν e →ν α ) > 1/2 for µ ∼ 2·10 −16 µ B
[this profile suggests a constant magnetic field ∼ O(10
We thus obtain the same P value (P > 1/2) with a 4 orders of magnitude small µ for this B AGN profile for same δm 2 . Therefore, if µ turs out to be ∼ O(10 −16 ) µ B and if empirically it is found that, for instance, P (ν e →ν τ ) > 1/2 for small δm 2 then this situation may testify for the latter B AGN profile.
Let us further note that this small value of δm 2 (δm 2 < 5 · 10 −6 eV 2 ) is not only interesting in the context of SNP [15] but also SN [11] .
Here δm 2 correspond to 5 · 10 −4 eV 2 . In this case expression (4) for P reduces to
Thus, for δm 2 ≃ 5 · 10 −4 eV 2 , energy dependent distortions may result in survived and precessed neutrino energy spectra with
Energy dependent distortions may result for large δm 2 with P < 1/2. For instance, consider δm 2 ∼ 10 −2 eV 2 relevant for atmospheric neutrino problem [16] . The result of vacuum oscillations with non vanishing vacuum mixing angle is a modification in thē ν µ andν τ spectra throughν µ →ν τ . As the vacuum oscillations lead to changes inν µ andν τ spectra only. Whereas the magnetic moment effects
give rise to changes in ν µ (not inν µ spectrum) andν τ channels. Thus, an empirical distinction between high energy ν µ andν µ spectra, if observed, will testify for the magnetic moments effects here. This situation may be realized by replacing ν e by ν µ and α by τ in Eq. (2) with the corresponding δm 2 (see [7] also). A relevant remark is in order here: to isolate the effect of neutrino spin-flip from neutrino oscillations, an energy resolution ∆E/E < ∼ 1/20 in the high energy neutrino AGN neutrino and antineutrino spectra may be needed (see Sect. IV).
Let us note that all these spin (flavour)-precession situations may be realized without VEP and magnetic field twist in B AGN . In the previous studies [4, 5] on spin-flip effects for AGN neutrinos, the possible cause for distortions in the relevant neutrino spectra was attributed to either nonzero ∆f or strong gravitational effects. However, as we have noticed a spin (flavour)-precession for AGN neutrinos may develop even without VEP or/and strong gravitational effects. Thus, the cause of change (as compared to no precession situation) in the ratio of theν τ and ν e fluxes,ν τ /ν e in existing/future high energy neutrino telescopes may not only be attributed to VEP and/or gravitational effects particularly if an almost energy independent permutation for ν e andν τ neutrino spectra takes place for small δm 2 with large relevant precession probability. Concerning the observational consequences of the nature of µ, if µ is of Majorana type then Eq. (4) gives an excess ofν τ as compared
to ν e in case of a complete permutation as the estimated initial flux ofν τ is at least three orders of magnitude smaller than that of ν e [12] . On the other hand the relative difference between the ν e andν µ fluxes is at most just a factor of 2. Let us note that this situation, if realized empirically will testify for a violation of total lepton number by two units. Conversely, if the magnetic moment is of Dirac type then a deficit into an otherwise large ν e flux is expected since now the precessed neutrino state is a sterile one. The sterile neutrinos do not interact weakly and therefore are accounted for by the disappearance/appearance of the relevant active neutrino (ν e ) flux. If the precessions are incomplete (as compared to complete permutations), the resulting high energy neutrino spectra are expected to be rather complicated combinations of the two neutrino species involved in the precession.
Case 2. V G = 0,φ = 0. For contant B andφ, we obtain the expression for precession probability (for small δ) by substitutingφ for X in Eq. (4).
We first takeφ ∼ 2µB, thus δ ≪φ for δm 2 < 5 · 10 −6 eV 2 . Note that in this expression for precession probability sign ofφ is unimportant. It is natural to suggest that the total rotation angle of the AGN magnetic field is restricted by ∆φ < ∼ π. Thus, for instance, a twist appears, when neutrinos cross the torodial magnetic field with magnetic strenght lines winding around the spherically accreting matter disk in AGN. In this case the maximal rotation angle is π, i.e., the above bound is satisfied. The field twist can be characterized by the scale of the twist, r φ , such that r φ ≡ π/φ, so that on the way, the rotation angle (for uniform rotation), equals to ∆φ = π.
Let us define the critical rotation scale as r c φ ≡ π/2µB [17] . Note that this r c φ coincides with the precession length l p [≡ (2µB)
−1 ] upto a factor of π.
For
, we obtain here P < ∼ 1/2. This case can therefore be differentiated from the previous one by concentrating on P value. For small δm 2 [case 1a)] previously we have P > 1/2. The magnetic field twist here may give rise to energy independent spin (flavour)-precession between ν e and ν τ . However, here unlike previous case for small δm 2 , the required B has an upper bound for a naturally scaled field twist. Forφ ≪ 2µB, we obtain case 1a) whereas forφ ≫ 2µB, we obtain case 1c). antiparticle channel (ν e → ν α ). Thus, a simultaneous deficit/enhancement in both ν e andν e spectra (and in ν τ andν τ spectra) is not expected due to an interplay of VEP and the twist in B AGN . The level crossing is induced by a naturally scaled field twist for ∆f < ∼ 10 −34 , that is, when r c φ /r > ∼ 1 (see case 2 also). Let us note that this level crossing is induced by an interplay of magnetic field twist and VEP for neutrinos with small δm 2 . This is a characteristically distinct feature of a more realistic situation of having magnetic strength lines winding around the spherical matter disk. In previous studies [4, 18] where a VEP is invoked in the context of AGN, massive neutrinos have to be incorporated to achieve the level crossing. Here we note that the level crossing occurs due to an interplay of VEP and the twist in B AGN even for very small δm 2 . However, level crossing alone is not a sufficient condition for a complete conversion. As stated earlier, adiabaticity is the other neces-sary condition that determines the extent of conversion. If there is only level crossing and no adiabaticity at the level crossing then there is no conversion of electron neutrinos into antitau (sterile) neutrinos. In the remaining part of this case, we discuss the latter condition, i.e., the adiabaticity.
The adiabaticity condition assumes the slowness of variation in V G and is obtained if the half width of the resonance 2∆r = 2(2µB)|V
This is the adiabaticity parameter in the resonance for uniform magnetic field twist (φ = 0). A conversion is adiabatic if κ R > ∼ 1. Notice that here κ R ∝ E −1 . Since κ R depends (quadratically) on B, thus adiabaticity of conversion is essentilly determined/controlled by the given B profile. By requiring an adiabatic conversion to occur, we can obtain B ad from Eq. Nonuniform field twist (φ = 0) changes the adiabaticity condition (8) .
It now reads
Thus, forφ ≃V G , we have a large enhancement in κ φ . For a naturally scaled field twist, the total rotation angle for a nonuniform field twist is given by [11] ∆φ ∼ κ
i.e., the total rotation angle is given by the inverse of the adiabaticity parameter for a uniform field twist. Clearly, only modest improvement in κ R may be achieved for a naturally scaled field twist. The corresponding conversion probability P in this case is energy dependent. For large δ, comparable to V G andφ, see case 6. 
Note that relative sign between δ and V G is important for level crossing. It is important to note that from the level crossing it follows that ∆f ∝ E −2 , i.e., an inverse quadratic E dependence on ∆f . Thus, the level crossing induced by the VEP only has a different energy dependence on ∆f as compared to the level crossing induced by an interplay ofφ and the VEP (see previous case). The relevant adiabaticity condition may be written as
We note that B ad < ∼ B AGN for 10 < x < 100. The adiabaticity parameter here has the same energy dependence on E as in case 4. Thus, the adiabatic conversion may occur giving rise to energy dependent distortions with corresponding conversion probability greater than 1/2. For large δ whereas a spin (flavour)-precession is suppressed [see case 1b) and 1c)], an adiabatic conversion may result with P > 1/2 for large ∆f . For δ ≪ V G this case reduces to case 3 whereas for δ ≫ V G , we obtain case 1c).
It follows from the discussion in cases 4 and 5 that a nonzero ∆f is needed to induce an adiabatic level crossing with P > 1/2. It is in contrast to cases 1 and 2 where a spin-flip may occur through spin (flavour)-precession without ∆f with P > 1/2. The existing/planned high energy neutrino telescopes can in principle differentiate between the two neutrino flavours (e and τ ) considered so far in this paper. As suggested in [12] , the high energy neutrino telescopes will be able to identify the (ν τ +ν τ ) with E > ∼ 1 PeV through the characteristic two bang events. In particular, the selection criterion of greater energy of the second bang relative to first one makes this identification essentially independent of (ν µ +ν µ ). Recently, another interesting suggestion concerning the possible observations of high energy ν τ is made in [19] . Utilizing the relatively short lifetime of high energy ν τ as compared to high energy ν e and ν µ , a pile up of events near (10-100) TeV is concluded as an experimental signature for high energy ν τ . Whereas in the electron neutrino channel, theν e interaction rate (integrated over all angles) is estimated to be an order of magnitude higher than ν e per 1000 kiloton year [20] according to the neutrino flux predictions of [9] . This an order of magnitude difference in interaction rate of downgoingν e relative to ν e is due to Glashow resonance encountered byν e with E > ∼ 1 PeV when they interact with electrons inside the detector. For instance, if E ∼ 6.4 PeV, an energy resolution ∆E/E ∼ 2Γ W /M W ∼ 1/20, where Γ W ∼ 2 GeV is the width of Glashow resonance and M W ∼ 80 GeV, may be needed to empirically differentiate between ν e andν e . Theν e and ν e essentially produce a single bang event [12] . Thus, the existing/planned high energy neutrino telescopes can in principle measure the ν e /ν e ratio in addition to identifying (ν τ +ν τ ) and (ν µ +ν µ ) events separately.
Consider, for instance, the situation in which no changes in (ν τ +ν τ ) as well as in (ν µ +ν µ ) channels are observed in a high energy neutrino telescope whereas a change in ν e /ν e ratio is observed as compared to AGN neutrino flux predictions in [9] . III, our discussion was mainly concerned with conversions between ν e and ν τ but the same consideration for level crossing (and adiabaticity) hold for conversions between ν e andν e also with δ = 0. In these conversions of the type ν e →ν e orν e → ν e leading to a change in ν e /ν e ratio (for instance, by an interplay of VEP and the magnetic field twist with that discussed in case 1a). In case 1a) of Sect. III, the two precessions ν e →ν e andν e → ν e occur simultaneously because we have not taken into account the possible interplay of VEP and the magnetic filed twist. Therefore, it follows that there is no change in ν e /ν e ratio in this case. For nonzero or large δm 2 , the relevant observational consequences tend to overlap with that due to vacuum
oscillations. An input from other terrestial/extraterrestial experiments on the relevant neutrino mixing parameters may simultaneously be needed to identify the mechanism of neutrino oscillations. Further, to disentengle the remaining various possibilities discussed in Sect. III, an empirical distinction between the various neutrino and antineutrino energy spectra involved may be needed.
Summarizing, a possible observational consequence of neutrino spin-flip in the high energy neutrino telescopes is a change in the expected ν e /ν e ratio correlated to the direction of source.
V. Results and Discussion electron neutrino channel only can be an observed change in ν e /ν e ratio which is a result of an interplay of VEP and the magnetic filed twist.
5. An additional feature of the present study is that it may provide useful information on the strength/profile of B AGN if the cause of ν e →ν τ (ν s ),ν e conversion/precession is established due to VEP and/or magnetic field twist for high energy AGN neutrinos.
